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The enzyme uracil DNA glycosylase (UNG) excises unwanted uracil bases in the genome using an extrahelical base recognition mechanism. Efficient removal of uracil is essential for prevention of C-to-T transition mutations arising from cytosine deamination, cytotoxic U.A pairs arising from incorporation of dUTP in DNA, and for increasing immunoglobulin gene diversity during the acquired immune response. A central event in all of these UNG-mediated processes is the singling out of rare U.A or U.G base pairs in a background of approximately 10 9 T.A or C.G base pairs in the human genome. Here we establish for the human and Escherichia coli enzymes that discrimination of thymine and uracil is initiated by thermally induced opening of T.A and U.A base pairs and not by active participation of the enzyme. Thus, base-pair dynamics has a critical role in the genome-wide search for uracil, and may be involved in initial damage recognition by other DNA repair glycosylases.
The viability of living organisms depends on efficient and highly specific enzymatic repair of the ubiquitous chemical damage that is inflicted on genomic DNA 1 . One of the most conserved enzyme combatants in this battle to maintain genomic integrity is uracil DNA glycosylase (UNG), which locates undesirable uracil bases in DNA and then severs the bond between the base and deoxyribose sugar, initiating the process of uracil base excision repair 2 . Efficient removal of uracil is essential for prevention of CRT transition mutations arising from cytosine deamination 2 , cytotoxic U.A pairs arising from incorporation of dUTP in DNA 3 , and for increasing immunoglobulin gene diversity during the acquired immune response 4 . One intriguing structural aspect of the recognition mechanism is that the enzyme interacts with uracil in DNA using an extrahelical recognition mechanism whereby the uracil base is expelled from the base stack, and engulfed deep in the active site pocket (FF state, Fig. 1 ) 2, 5, 6 . The size of the uracil-specific active site sterically destabilizes binding of the larger thymine base, which differs from uracil by only a single methyl group at the 5-position of the pyrimidine ring. Consistent with this model, UNG has been converted into a thymine DNA glycosylase by a simple amino acid substitution that enlarges the active site 7 . The activity of such a mutant on a normal thymine base would, by necessity, require flipping of thymine from the DNA duplex, which raises the compelling question whether the search for uracil also involves flipping of normal thymine bases in a molecular quality control inspection process. Such a process was indeed supported by NMR dynamic measurements of T.A base-pair opening in the presence of UNG, where the enzyme was found to increase substantially the lifetime of the open state of thymine in T.A base pairs 8, 9 . In contrast, UNG had little effect on the base-pair opening rate as compared to the free DNA. These surprising findings suggested a passive role for the enzyme in trapping extrahelical pyrimidines, rather than actively accelerating their expulsion from the DNA duplex. The implication was that spontaneous thermally induced opening of T.A and U.A base pairs exposes an extrahelical state that sets in motion the remainder of the base-flipping process. Although these NMR studies suggest the presence of a weak pyrimidine-binding site that is occupied transiently on the flipping reaction coordinate (EI, Fig. 1 ), the location and interactions of this site with the base are entirely unknown. A cryptic pyrimidine-binding site on UNG Structural characterization of transient reaction intermediates is a formidable challenge, made even more difficult in protein-DNA interactions by the occurrence of weak enzyme-binding modes that thwart formation of the unique complex of interest. Here we report the use of a reaction coordinate tuning method to populate a transitory state during enzymatic base flipping (Fig. 1) . The approach is based on two principles obtained from extensive thermodynamic, NMR and rapid kinetic studies of base flipping by UNG [8] [9] [10] [11] . The first principle is that the equilibrium constant for base flipping may be shifted away from the reactant state by destabilization of the uracil base pair. Accordingly, the nonpolar adenine isostere 4-methylindole (M) possesses no hydrogen-bonding groups (Fig. 1 ) 12 , and when placed opposite to uracil in DNA allows UNG to bind 8,000 times more tightly as compared with an identical DNA with a U.A base pair 10 . The second principle is that the fully extrahelical product state (FF, Fig. 1 ) can be destabilized by replacing the 5-hydrogen of uracil with a bulky methyl group to make 5-methyluracil (5-MeU or T) that sterically prevents access to the uracil pocket ( Fig. 1) 7 . Combining these two principles flattens the energy landscape for base flipping and allows population of any transient extrahelical states that may exist between the reactant and product states (EI9, Fig. 1 ).
The structure of human UNG bound to DNA containing a central T.M base pair refined to 2.5 Å resolution reveals that the central thymine is rotated from the base stack by about 30u ( Fig. 2a and Supplementary Fig. 2a ), which is only one-sixth of the 180u rotation required to fully flip uracil into the active site pocket (Protein Data Bank code 1EMH, Fig. 2b ) 6 . Hence this structure represents a structural snapshot of a very early intermediate on the base-flipping pathway. Despite the large differences in the positions of the extrahelical bases in the early intermediate (EI9) and the previously reported fully flipped (FF) structure, the complexes share many of the same DNA backbone interactions, indicating that the initial steps in flipping uracil and thymine are identical (Fig. 2c) . Most notably, a key DNA intercalating residue (Leu 272) protrudes into the minor groove of the DNA in both complexes (side chain shown in yellow in Fig. 2d ), with its dCH 3 group lodged within van der Waals contact distance of the deoxyribose ring of the flipped nucleotide. This leucine has been shown in rapid kinetic studies to be important in promoting forward migration along the base-flipping pathway, with functional roles both early and late in the process 13 . The intercalated position of Leu 272 in the EI9 complex is fully consistent with its proposed early role in flipping that involves plugging the gap in the base stack left behind by the extruded base, thereby inhibiting its retrograde motion back into the duplex. Additional interactions common to the EI9 and FF complexes involve the phosphodiester groups flanking the extrahelical nucleotide, as shown in Fig. 2c for the EI9 complex. These interactions include neutral hydrogen bonds from either the backbone amide or side-chain hydroxyl groups of residues Ser 169, Ser 270, Ser 273 and Ser 247 to the bridging or nonbridging phosphate oxygens ( Supplementary Fig. 2a ). The early emergence of these serine-phosphate interactions along the flipping pathway is consistent with previous kinetic and mutational studies 13 . We conclude that T and U follow the same flipping reaction coordinate on the basis of the following lines of evidence. First, both bases emerge spontaneously from the duplex with similar rates kinetically competent for base flipping (see further discussion below) 8, 9 . Second, the enzyme-DNA backbone interactions of T in the EI state are shared with those of U in the final FF state (see above). It is thus quite easy to see how these early interactions would lead to the FF state. Third, there are no interactions of the enzyme with the substituent at the 5 position of the base in the EI state. Thus, there is no obvious way that UNG could discriminate between the 5-CH 3 of T and the 5-H of U at this stage, strongly indicating that U and T occupy this same transient site (Fig. 2c) . Finally, we have also obtained a crystal structure of the abasic product DNA arising from slow excision of thymine in the crystal over several weeks (Supplementary Fig. 2b) . Thus, T is a very slow substrate that requires that it transiently accesses the active site. Therefore, the pathway for flipping T is productive, consistent with it following the same pathway as U.
Despite similar DNA backbone interactions in both complexes, the overall DNA structures are quite different for the EI9 and FF complexes (Fig. 2a, b) . For both structures, the DNA resembles B-form DNA 39 of the flipped nucleotide, with an average rise of ,10.5 base pairs per turn and standard 29-endo sugar puckers. However, there is a ,20u shift in the helical axis immediately 59 to the flipped uracil in the FF complex that arises from the extreme conformation of the extrahelical nucleotide. In contrast, the EI9 complex deviates in only a minor way from docked B-form DNA except for local perturbations at the immediate site of thymine extrusion (compare Fig. 2a and b) . The absence of extreme DNA bending in the EI9 complex is consistent with fluorescence and NMR studies of the early stages of base flipping that indicated little perturbation of the DNA base stack and preservation of the B-form DNA conformation 8 . This aspect of the UNG reaction differs from observations obtained from structural studies of DNA complexes with human 8-oxoguanine DNA glycosylase (hOGG1), in which the enzyme seems to bend DNA regardless of whether the cognate oxidized base (8-oxoguanine) is present 14, 15 . DNA bending is a key component of the base extrusion process because it allows widening of the major groove, providing an egress pathway for the base, and also serves to release some of the strain resulting from the DNA backbone distortions that accompany flipping.
The most marked difference between the EI9 and FF complexes is the position of the extrahelical thymine and uracil base (Fig. 2a-d) . The thymine base, which is highly exposed to solvent, docks against two regions of UNG that form the mouth of the active site. A key interaction is a charged hydrogen bond (d 5 2.6 Å ) that is formed between thymine O2 and the side-chain NHe proton of the completely conserved His 148, which is located near the beginning of a long coiled region of the protein backbone that stretches from residues Gln 144 to Pro 167 (thin red strand, Fig. 2d) . A second interaction is observed between the imino proton of thymine and the backbone carbonyl of His 212 (d 5 3.2 Å ), which is located in a highly conserved nine-residue turn that encompasses residues Ala 211 to Glu 219. Aside from these two hydrogen bonds, there are no other interactions of UNG with the thymine base. Nevertheless, these limited interactions could provide specificity for uracil and thymine because neutral cytosine is not complementary with this hydrogen bond donor-acceptor pattern. In addition, bulky purines would be sterically excluded from the site owing to the tight packing of Leu 272 against the deoxyribose, which fixes the position of the deoxyribose-base glycosidic bond. In contrast with the relatively sparse interactions observed in EI9, the uracil base is extensively desolvated in the FF complex, with every potential hydrogen bond donor and acceptor interaction fulfilled, and in addition, favourable edge-face aromatic interaction between Phe 158 and the uracil ring 6 . The increasing interactions with the base and the phosphate backbone as the reaction proceeds indicate that base flipping occurs within an enzyme energy landscape that serves to drive the reaction forward in a succession of energetically downhill steps 10, 13 .
Conformational flexibility in flipping
The EI structure reveals that the flipped nucleotide undergoes unexpected conformational changes over the reaction coordinate (Fig. 3) . In the EI state, the plane of the thymidine sugar has rotated by about 30u relative to the B-DNA reactant state, but the thymine base has rotated around the glycosidic torsion angle (x) by 180u to place it in an unusual syn conformation and 39-exo sugar pucker. This glycosidic bond rotation would nicely serve to present the Watson-Crick edge of the base to the enzyme binding pocket, allowing it to recognize specifically the hydrogen bond donor-acceptor pattern of uracil and thymine. Finally, migration of uracil into the active site requires a further 120u rotation of the sugar plane and, also, another 90u rotation of the base around x (Fig. 3) . The unexpected conformation of thymine in EI suggests that rapid, unrestrained rotation around x occurs at one or more steps along the reaction path to the active site. The capture of thymine in the transient pyrimidine binding site on UNG corresponds to an earlier stage of base flipping than a previous structure of hOGG1, in which an extrahelical guanine was trapped using disulphide crosslinking technology 14 . In the hOGG1 structure, the sugar of the flipped guanine nucleotide was rotated nearly 150u, which is nearly the full rotation required to move it from the DNA base stack into the active site. In contrast, the thymine sugar is only rotated about 30u when it occupies the transient binding site on UNG. In a similar manner to UNG, hOGG1 also uses an imidazole NH (His 270) to stabilize the flipped guanine in its binding site. In both enzymes, the imidazole-base interactions move to the phosphate backbone in the final pre-catalytic complex.
Base-pair-opening dynamics As summarized in Fig. 4a , the structure of the EI9 complex reveals discrete interactions that, when deleted, should have a deleterious impact on UNG's ability to stabilize the extrahelical thymine. To explore the energetic role of these groups, we mutated residues corresponding to His 148, Gln 144, Leu 272, Ser 247, Ser 169 and Ser 270 to alanine or glycine and then measured the effects on the NMR imino proton exchange rates with solvent using a symmetric 10-mer duplex with a central T.A base pair (Fig. 4a and Supplementary Figs 3 and 4) 16,17 . Previous NMR studies have established that UNG accelerates the observed imino proton exchange rate of the central thymine by 25 times that of the same proton in the free DNA duplex 8 , and that these effects on spontaneous thymine basepair opening are not unique to this DNA sequence 9 In the first step of the reaction to form EI, the sugar plane rotates about an apparent angle of 30u, and the base rotates 180u around the glycosidic bond and moves about 4.4 Å relative to the B-DNA reactant state (R, blue). In the second step (EIRFF), the sugar plane and base rotate a further 120u and 90u, respectively. Note that the structure of the FF state was obtained using the C-glycoside analogue of deoxyuridine, pseudodeoxyuridine. Changes in the DNA backbone torsional angles that accompany these transformations are listed in the figure.
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ARTICLES almost entirely from an enzyme-induced decrease in the closing rate (k close ) and not an acceleration of the spontaneous opening rate (k open ) as compared to the free DNA 8, 9 . The imino proton exchange time courses for the central thymine in the presence of wild-type UNG and the mutants are shown in Fig. 4b (see also Supplementary Tables 2 and 3 , and Supplementary Figs 3  and 4) . In general, the mutations reduced the exchange rate in the range of twofold to tenfold (Fig. 4c) , confirming that these interactions stabilize the EI state. Unlike wild-type UNG, we were unable to detect general base catalysis of imino proton exchange with any of the exchange-defective mutants. This finding indicates that, for these mutant enzymes, the imino position is inaccessible to the difluoroethylamine base catalyst. In contrast, its exposed position observed in the complex with wild-type UNG (Fig. 2c ) facilitated robust general base catalysis and allowed measurement of the microscopic rate and equilibrium constants for the two-step exchange process (Fig. 4b) 8 . The largest effects observed with the L272G, S169A and S270A mutant enzymes decrease the exchange rate of the central thymine by tenfold, to nearly the level observed in the free DNA duplex (Fig. 4c) . The large effect on the exchange rate on removal of Ser 169 may be indirect because its Oc is located over 4 Å from the phosphate (Fig. 4a) . However, Ser 169 also contacts Oc of Ser 270, which shows a tenfold reduction on the exchange rate, and Ser 270 is positioned only 2.4 Å from the 59 phosphate of the flipped thymine. These mutational effects on imino exchange are similar to the 39-, 5-and 10-fold effects of these same mutations on the stability of the FF state 13 , supporting the contention that these interactions are relevant early and late on in the reaction coordinate for thymine and uracil. With respect to stabilization of the EI state, it seems that the leucine plug and the serine-DNA phosphate interactions are more important than the His 148 hydrogen bond to O2 of the base. Surprisingly, the Q144A mutation did not result in slowing of the exchange rate even though the Gln 144 side-chain amide forms a 3.1 Å hydrogen bond to the phosphate backbone (Fig. 4a, c) . By modelling, we find that removal of Gln 144 accommodates the change to the most common side-chain rotamer of Asn 215 that moves its amide to within 3.2 Å of the target phosphate (Fig. 2c) , providing a plausible structural basis for the absence of a mutational effect.
These results highlight the importance of using complementary methods to distinguish between active and passive mechanisms for base flipping, because static structures are incapable of revealing the order of events. In this regard, previous structural studies of the DNA complexes of hOGG1 and MutM did not address the issue of whether these enzymes actively flip 8-oxoguanine from the duplex or, on the other hand, use a passive trapping mechanism as observed here for UNG 14, 18 . For UNG-bound DNA, the initial event of spontaneous base-pair opening may be estimated to occur with a rate constant k open 5 1,400 s 21 at 25 uC, based on our measured opening rate at 10 uC and previously measured activation enthalpies for base-pair opening (16-19 kcal mol 21 ) 19, 20 . This rate is easily fast enough to account for the observed rates of enzymatic uracil flipping at 25 uC (,700 s 21 ) 13 . This study illustrates the significance of DNA base-pair dynamics in damage base recognition, and provides an interesting example of enzymatic recognition of a transient high energy conformation of a substrate, rather than the ground state. Notably, UNG does not distinguish uracil from thymine while it lies within the DNA helix, as previously proposed for 8-oxoguanine recognition by MutM glycosylase 18 , but instead discrimination occurs in a transient pyrimidine sieving pocket on the enzyme. This pocket solves the central kinetic problem in efficient base flipping: the extremely rapid re-entry of the base into the DNA duplex. Hence, by slowing down the retrograde motion, UNG promotes efficient and selective forward commitment of uracil down the remainder of the flipping pathway. Finally, the reaction coordinate tuning method used here offers an attractive and potentially less perturbing alternative to the disulphide crosslinking approach for trapping complexes of enzymes with unstable extrahelical bases 21 .
METHODS SUMMARY
The special 4-methylindole (M) phosphoramidite was synthesized according to published procedures 12, 22 . The DNA strands used for obtaining the crystal structure of the UNG-EI9 complex were synthesized using standard solid-phase DNA synthesis methods from commercially available nucleoside phosphoramidites and hybridized to form the T.M duplex (strand 1, 59-TGTTATCTT-39; strand 2, 59-AAAGATMACA-39). Purification of bacterial and human UNG has been profiles for wild-type UNG and several mutant forms. a, Side-chain and backbone interactions of UNG with the extrahelical thymine base and DNA phosphate backbone in the EI9 complex (MC, main chain). b, Imino proton exchange is a two-step process that requires base-pair opening (K open 5 k open /k close ) followed by imino proton exchange with solvent, which may be followed by using NMR magnetization transfer from water 16 . The data are fitted to equation (1) T6 is the ratio of the T6 imino proton resonance intensity in the presence (I) and absence (I 0 ) of magnetization transfer from solvent. c, Exchange rates (k ex ) for T6 in the presence of wildtype UNG and the indicated mutants. [23] [24] [25] [26] . NMR magnetization transfer experiments were performed as described previously 8, 9 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
